Introduction
============

Phonological processing skills are believed to play an important role in the development of reading \[[@B1][@B2][@B3]\], deficits in phonological processing forms a core deficit, leading to reading difficulties, among poor readers \[[@B4][@B5]\]. It consists of three main components namely: phonological awareness, phonological or verbal short-term memory, and rapid automatized naming. Phonological awareness refers to the conscious ability to access and manipulate the individual phonemes of speech; phonological or verbal short-term memory codes auditory information for temporary storage; and rapid naming is the ability for efficient retrieval of phonological information from long-term memory. These skills are found to have stronger association with reading abilities, and differentially predicts reading ability. Deficits in phonological awareness, phonological memory, and rapid naming are common in children with reading impairments and these deficits are regarded as cause for reading difficulties faced by poor readers \[[@B6]\].

The phonological processing deficits among poor readers has been argued to arise from underlying auditory processing deficits \[[@B7][@B8][@B9]\], and various theories have been proposed to explain how auditory processing deficits can lead to phonological processing deficits \[[@B7][@B8][@B9]\]. Tallal \[[@B7]\] auditory temporal processing deficit hypothesis suggests that the reading impairment is a consequence of primary perceptual deficit that processes rapidly changing auditory information or rapid spectrotemporal characteristics of phonemes and sounds \[[@B8]\]. This perceptual deficit has been hypothesized to cause difficulty in analyzing speech at the phonemic level, resulting in poor phonemic segmentation and recoding skills leading to reading deficits in poor readers. In contrast, temporal sampling theory proposed by Goswami \[[@B9]\] suggests that phonological deficits found in poor readers may arise due to impaired auditory oscillatory phase-locking to slower temporal modulations below 10 Hz in auditory cortex. This, underlying auditory deficit has been hypothesized to affect the efficient recovery of syllabic structure from the speech signal, including supra-segmental and prosodic structure, resulting in reading difficulties. Thus, both auditory temporal processing deficit hypothesis and temporal sampling theory attributes auditory processing deficits to poor phonological processing which further leads to reading deficits.

Based on the individual data reported by various investigators, Ramus \[[@B5]\] noted that only 39% of the individuals with reading difficulties had auditory deficits. This finding suggests that only a subgroup of individuals with reading problems may have auditory processing deficits, on this basis auditory deficit based theories have been criticized \[[@B5]\]. Other than auditory deficit based theories, theories based on phonological deficit has been proposed to explain reading difficulties among poor readers. Phonological deficit hypothesis \[[@B5][@B10]\] attributes reading deficits to a core deficit in phonological awareness. It proposes that individuals with reading deficits have specific impairments in the representation, storage and/or retrieval of speech sounds. Further, it explains that the deficit in phonological awareness leads to difficulty learning grapheme-phoneme correspondence early on and to later difficulty learning decoding skills. But, proponents of auditory deficit based theories, on the other hand, have argued the phonological processing deficit as a symptom of an underlying auditory temporal processing deficit.

In addition to deficits in auditory and phonological processing, poor speech perception is also reported by various investigations among poor readers \[[@B11][@B12]\]. While, poor speech perception is found to be present only in a subset of poor readers \[[@B5][@B13]\]. Various studies have investigated the relationship between auditory processing and speech perception with phonological processing among poor readers. Results of these investigations have found a significant relationship between auditory processing, speech perception and phonological processing, but the direction of the relationship is not well understood \[[@B14]\]. Thus, in the present investigation we attempt to investigate the relationship between these abilities among poor readers.

Subjects and Methods
====================

Participants
------------

A total of 10 children identified to have reading difficulties and 10 typically developing children with no reports of reading, speech and language difficulties between 7-12 years of age participated in the study. Children with reading difficulties had language-based learning disability and were enrolled for intervention program, these children were referred as poor readers. The presence of language and reading impairment was established using Speech and Language Development Chart \[[@B15]\] or Assessment of Language Development test \[[@B16]\] and Early Reading Skills test respectively. All children had normal hearing in both ears with pure-tone thresholds less than 15 dB HL at octave frequencies from 250 Hz to 8000 Hz and speech identification scores greater than 90% at 40 dB SL (e.g., pure-tone average at 500, 1000, and 2000 Hz) in quiet. None of the children had history of otologic disease. Typically developing children were matched with poor readers based on age, gender, educational environment, i.e., same class, and parental educational level. Ethical approval was obtained from institutional ethics committee of Kasturba Medical College, Mangalore to carry out the present study.

Stimuli and procedure
---------------------

### Auditory processing

Auditory processing of children was measured using frequency modulation detection and gap detection tasks. Frequency modulation detection was used to assess processing of slow varying dynamic stimuli and gap detection task was used to assess processing of rapid and brief signals. Stimuli used for assessing auditory processing were generated using Matlab 2009b (Mathworks Inc., Natick, MA, USA) at a sampling frequency of 44,100 Hz and 16-bit resolution. Both tasks were carried out using APEX 3 program (Leuven, Belgium) \[[@B17]\] installed on a personal computer, and the stimuli were presented monaurally at comfortable level using Sennheiser HD180 circum-aural headphones. Practice trials were given to each child to make them familiar with the task and also to obtain accurate thresholds.

#### Frequency modulation

Frequency modulation detection threshold was obtained using a frequency modulated pure-tone, with carrier frequency of 1000 Hz, sinusoidally modulated at 2 Hz. The minimum depth of frequency change required to detect the modulation was defined as the frequency modulation detection threshold. The frequency modulation detection threshold of all the participants were obtained using three-interval, three alternative forced-choice procedure by means of two-down, one-up adaptive procedure. On each trial, one target and two standard stimuli were presented in a random sequence, and the participants were asked to identify the interval containing modulated tone among the three tones. The duration of all the stimuli were 500 msec and were presented with an inter stimulus interval of 500 msec. Initially, the modulation depth was decreased by a factor of 1.2 from 100 to 11 Hz and a step size of 1 Hz was used from 11 Hz to 1 Hz. Threshold run was terminated after eight reversals, and the mean of last six reversals in a block of eight was taken as threshold.

#### Gap detection

White noise of 500 msec duration with and without gaps of variable duration were used to measure gap detection threshold of the participants. White noise with gap was obtained by introducing silence in the middle of white noise. The duration of gap was varied from 50 msec to 1 msec at a step size of 1 msec. All noise signals were windowed (20 msec hamming) at onset and offset and the duration of all the signals were 500 msec. Gap detection thresholds were obtained using three-interval, three-alternative forced-choice paradigm and twodown one-up adaptive staircase procedure. The noise signals were presented in a random order with an inter-stimulus interval of 500 msec, and participants task was to identify the interval containing noise with gap. Initially, the gap duration was 50 msec and it was decreased by 5 msec, after the first reversal the step size was reduced to 1 msec. The mean of last six reversals in a block of eight was taken as gap detection threshold.

### Phonological processing

#### Phonological awareness

Four subtests from phonological awareness test \[[@B18]\], rhyme recognition and production, syllable segmentation and blending, were used to measure phonological awareness. These tasks were administered and scored as recommended in the test material.

#### Verbal short-term memory

Verbal short-term memory was measured using non-word repetition task. Non-words were taken from Dynamic Indicators of Basic Early Literacy Skills \[[@B19]\]. The words were spoken by female talker and the utterances were digitally recorded using a sampling frequency of 44100 Hz and 16 bit resolution. Praat software (Amsterdam, the Netherlands) was used for recording and editing the utterances. A total of 25 non-words were presented individually and children were asked to repeat the words verbally. The number of words correctly repeated by children was noted and percentage correct score was computed.

#### Rapid automatized naming

Rapid digit naming task from Rapid automatized naming and Rapid alternating stimulus test \[[@B20]\] was used to measure rapid automatized naming. This task was administered and scored as recommended in the test material.

### Speech perception in noise

Speech perception in noise was measured using English spondee words at a signal-to-noise ratio (SNR) of +5 and -5 dB. The words were spoken by a young male in an acoustically treated room and were digitally recorded using sampling frequency of 44100 Hz and 16 bit resolution. These words were mixed with speech-spectrum-shaped noise by adjusting its root mean square (RMS) amplitude with reference to the RMS amplitude of noise to achieve the desired SNRs of +5 and -5 dB. The speech-spectrum-shaped noise was generated by randomizing the phase of the Fourier spectrum of concatenated words of original signals. Speech identification in noise task was used to measure speech perception in noise abilities of the participants. A total of 25 spondee words were presented binaurally along with speech-spectrumshaped noise at comfortable level using Sennheiser HD180 circum-aural headphones. Children were instructed to repeat the words, and the number of words correctly repeated was noted and percentage correct scores were computed for both SNRs. Prior to the data collection all children underwent training phase to make them familiar with the task. In training phase. 10 words were presented in noise and children were encouraged to repeat the words.

Statistical analysis
--------------------

Descriptive statistics was carried out to obtain mean and standard deviation for all the measures. Prior to data analysis, the percent correct identification scores (speech perception in noise and non-word recognition) of each participant was converted into rationalized arcsine unit units. The data was subjected to Shapiro-Wilk test to check for normal distribution of data, result showed that the data was not normally distributed. Since the data was not normally distributed, Mann-Whitney\'s non-parametric test was carried out to investigate if the mean scores are significantly different between the groups. All statistical analysis was done using Statistical Package for the Social Sciences 16.0 (SPSS 16.0; SPSS Inc., Chicago, IL, USA).

Results
=======

Auditory processing
-------------------

[Fig. 1](#F1){ref-type="fig"} shows mean frequency modulation detection threshold and gap detection threshold of poor readers and typically developing children. In [Fig. 1](#F1){ref-type="fig"} it can be noted that the mean gap detection threshold is poorer among poor readers than typically developing children. In contrast, the mean frequency modulation detection threshold is slightly better among poor readers than typically developing children. To investigate if the mean thresholds are significantly different between the groups the data was subjected to Mann-Whitney U test. Results showed no significant difference between the groups (*p*\>0.05) for both gap detection and frequency modulation detection thresholds.

Phonological processing abilities
---------------------------------

### Phonological awareness

[Fig. 2](#F2){ref-type="fig"} shows the mean scores of poor readers and typically developing children for tasks measuring phonological awareness. From the figure it can be observed that the mean score of poor readers is poorer than typically developing children for rhyme recognition and rhyme production tasks. But, the mean score for segmentation is better among poor readers than typically developing children. Mann-Whitney test revealed significant difference between the groups for rhyme recognition (U=21.5, *p*\<0.05), while the mean scores were not significantly different for rhyme production and segmentation (*p*\>0.05).

### Verbal short-term memory

[Fig. 3](#F3){ref-type="fig"} shows the mean non-word recognition scores of children in two groups. In the figure it can be observed that the non-word recognition score is lower among poor readers compared to typically developing children. Mann-Whitney test showed no significant difference between the groups for non-word recognition scores.

### Rapid automatized naming

[Fig. 4](#F4){ref-type="fig"} shows average duration required for poor readers and typically developing children to complete the tasks measuring rapid automatized naming. In the figure it is evident that the time to complete the task by poor readers is longer than typically developing children. Mann-Whitney test showed significant difference between the groups for rapid automatized naming (U=9, *p*\<0.05).

Speech perception in noise
--------------------------

The mean speech identification score in noise for both groups are shown in [Fig. 5](#F5){ref-type="fig"}. It shows that, the mean identification scores of poor readers is lower than typically developing children at both +5 and -5 dB SNRs. Further, the result of Mann-Whitney test showed significant difference between the groups for mean speech identification scores at both +5 dB (U=10, *p*\<0.05) and -5 dB (U=14.5, *p*\<0.05) SNRs.

Relation between auditory processing, speech perception, and phonological processing
------------------------------------------------------------------------------------

To investigate the relationship between auditory processing and speech perception in noise with phonological processing, spearmen product moment correlation analysis was carried out. Result showed a significant moderate negative correlation between speech perception in noise (at -5 dB SNR) and rapid automatized naming (r=-0.519, *p*\<0.05). In addition, a significant moderate positive correlation was present between verbal short-term memory and phonological awareness, i.e., with rhyme recognition (r=0.484, *p*\<0.05) and rhyme production (r=0.499, *p*\<0.05). Further, there was no significant correlation between auditory processing and phonological processing.

Discussion
==========

The result of the present study showed no significant difference for auditory processing abilities between children with and without learning difficulties, and this finding is in consonance with the results of other investigations \[[@B5][@B21][@B22]\]. This finding suggests no relation between reading difficulties and auditory processing, similar suggestion has been made by other investigators \[[@B5][@B22]\]. However, in contrast to the findings in present study, a significant auditory processing deficit has been reported in children with learning difficulties using tasks such as auditory rise time detection \[[@B23]\] and frequency discrimination \[[@B24]\]. Thus, although the result of the present study shows no significant difference between the groups for auditory processing, the presence of auditory processing deficits cannot be ruled out since there is a possibility of other auditory processing tasks revealing the presence of auditory processing deficits.

The results further showed a significant phonological processing deficit and speech perception deficit to be present in poor readers. Similar deficits have been reported previously by other investigators for phonological processing \[[@B25][@B26]\] and speech perception \[[@B11][@B13][@B25][@B27]\] in children with reading difficulties. Thus, the above results obtained in the present study is the most consistent findings reported by various investigators across the studies in children with reading difficulties. Poor speech perception among poor readers may be attributed to 1) difficulties perceiving the stimuli, or 2) difficulties producing them quickly and accurately, or 3) difficulties in encoding the stimuli that may be common to all phonological tasks \[[@B28]\]. Recently, Ziegler, et al. \[[@B11]\] showed normal masking release in children with dyslexia, who had significantly poorer speech perception in noise. This findings shows lack of peripheral deficits which could affect speech perception in noise among children with dyslexia. Thus, authors attributed poor speech perception to lack of speech robustness in noisy listening conditions \[[@B11]\]. Correlation analysis in the present study showed a significant negative correlation between speech perception in noise and phonological processing ability. Similar finding has been reported by various investigators among poor readers suggesting that development of phonological processing is dependent on speech perception \[[@B13][@B29]\]. Thus, based on the findings of the present investigation we suggest that normal speech perception ability may be important for normal development of phonological processing, which is critical for development of reading ability.

The present study shows that speech perception may be important for normal development of phonological processing. Based on this finding it may be interesting to investigate whether the use of signal enhancing strategies, which improve SNR in noisy listening situations, positively improve reading skills among poor readers. McSporran, et al. \[[@B30]\] investigated the benefit of sound field amplification on listening behaviour of children who had failure in academic performance. The study showed a significant increase in listening behaviour of children following use of sound field amplification for five months. Similar benefit has been reported for development of literacy skills by various investigators for children with hearing loss \[[@B31]\], aboriginal students \[[@B32]\], and typically developing children \[[@B33][@B34]\]. Purdy, et al. \[[@B35]\] evaluated the benefit of personal FM system for children with reading delay, no significant improvement was observed in reading age of children after using the FM system for six months. The authors attributed the lack of improvement to use of FM systems for shorter duration and lack of comprehensive in-depth reading assessment. Though there was no significant improvement, the study found listening benefits for children with reading delay thus it was speculated that FM systems may be beneficial for children with reading delay to improve reading abilities. In another study, Hornickel, et al. \[[@B36]\] found classroom FM system to improve reading and phonological awareness abilities in children with dyslexia. From these above studies it is evident that sound field amplification systems and personal FM systems are beneficial to improve literacy skills of children in classrooms. However, there are limited studies investigating the benefits of these devices for poor readers, hence, further research is required to understand if sound field amplification system and personal FM systems are beneficial for poor readers in classrooms.

To conclude, the present study found a significant relation between speech perception in noise and phonological processing, while there was no relation between auditory processing and phonological processing. In addition, the study found no difference in auditory processing ability between typically developing children and poor readers. This finding suggests that poor speech perception ability among poor readers may be one of the contributing factors for phonological processing deficits, which results in reading difficulties. Assistive listening devices (such as sound field amplification system, personal FM system) which improves SNR are shown to improve listening behaviors and reading abilities among poor readers, while conclusive evidence is not present. Hence, further research is required to understand the effects of assistive listening devices on learning among poor readers.
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